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Immune reactivity is greater in females than in males.
In both experimental animals and in man there is a greater
preponderance ofautoimmune diseases in females, com-
pared with males. Studies in many experimental models
have established that the underlying basis for this sex-
related susceptibility is the marked effects of sex hor-
mones. Sex hormones influence the onset and severity
ofimmune-mediated pathologic conditions by modulat-
ing lymphocytes at all stages of life, prenatal, prepuber-
tal, and postpubertal. However, despite extensive studies,
the mechanisms ofsex hormone action are not precisely
understood. Earlier evidence suggested that the sex hor-
mones acted via the thymus gland. In recent years it has

MANY DECADES ago scientists and clinicians alike
observed that there were striking differences between
the immune responsiveness of males and that of fe-
males. In general, females had superior humoral and
cell-mediated immunity. Simultaneously, clinicians
noted that women were more resistant to a variety of
infections, which correlated with their greater longev-
ity. Although these observations implicate the influence
of sex-hormonal factors, these aspects received relatively
scant attention. In subsequent years, when the concept
of immunology advanced from a mere response to in-
fectious agents to include a variety of complex situa-
tions such as loss of self-tolerance and aberrant re-
sponses to self-antigens (autoimmunity), it became
apparent that women also had exaggerated responses
to autoantigens and hence were much more suscepti-
ble to autoimmune diseases. Again, rather surprisingly,
studies on the influence of sex factors were largely ig-
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become apparent that sex hormones can also influence
the immune system by acting on several nonclassic tar-
get sites such as the immune system itself (nonthymic
lymphoid organs), the central nervous system, the mac-
rophage-macrocyte system, and the skeletal system.
Immunoregulatory T cells appear to be most sensitive
to sex hormone action among lymphoid cells. Several
mechanisms of action of sex hormones are discussed in
this review. The possibility of using sex hormone modu-
lation ofimmune responses for the treatment ofautoim-
mune disorders is a promising area for future investiga-
tion. (Am J Pathol 1985, 121:531-551)

nored. However, in comparatively recent times, several
reports documenting the influence of sex factors (sex
hormones) in a variety of animal models of autoim-
mune diseases have rejuvenated an interest in this area.
This review will 1) summarize the past and present state
of knowledge in the area of sex hormones and the im-
mune system; 2) present pertinent problems associated
with sex hormonal studies; 3) propose explanations for
the conflicting reports on the immunologic effects of
sex hormones; 4) offer possible mechanisms of sex hor-
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532 ANSAR AHMED ET AL

mone action on the immune system in general and
autoimmunity in particular.

Space limitations permit us to discuss only selected
studies. In the main, major emphasis on the effects of
sex hormones are given to two different models of au-
toimmune disease: 1) spontaneous lupus in NZB/NZW
(F1)[(B/W)] mice1' 2; and 2) autoimmune thyroiditis in-
duced in normal rats following early thymectomy and
a series of sublethal irradiation (Tx-X).3'4 These studies
will form the basis to compare and contrast with other
experimental and human situations.

Sex Differences in Heteroimmune Responses

It has become increasingly apparent that females have
better immune capabilities than males.5-7 They have
higher immunoglobulin levels-IgM,8-10 IgG,5'11-13
and stronger humoral and cell-mediated immune re-
sponses than males. This is evident from their superior
responses to a variety of antigens,5 13-15 their ability to
reject allografts more rapidly,16-18 better in vitro re-
sponse to mitogens and other in vitro immunologic as-
says,1922 and relative resistance to the induction of im-
mune tolerance.23 Females also tend to have a reduced
incidence of certain tumorS24-26 and a higher incidence
of regression of induced tumors,24 and generally resist
a variety of bacterial and viral infections and parasitic
infestations more successfully than males.27-36 Cytotox-
icity to certain viruses is much greater in females than
males.37 Furthermore, the survival rate of females is
greater than males, presumably because of their better
immune capability.27'28'38-42

Table 1-Female Preponderance of Autoimmune Diseases in Humans

Diseases

Sex Differences in Autoimmune Diseases

In Humans

A differential sex susceptibility to various autoim-
mune diseases has long been recognized. In general,
women have a greater propensity for the occurrence of
these diseases (Table 1). For example, the female-to-male
susceptibility ratio in systemic lupus erythematosus
(SLE) and the adult-onset form of Hashimoto thyroid-
itis is 9:148 and 25-50:1, respectively.43-45 Furthermore,
independent surveys of normal populations revealed
that there is a higher prevalence of autoantibodies to
thyroid components in women than in men of the same
age 60,61

In Animals

A similar sex-related expression of disease is known
to occur in several animal models of autoimmune dis-
eases (Table 2). In particular, female B/W mice have
an accelerated expression of lupus and Sjogren's
syndrome-like diseases, compared with males.73'83'84 In
these mice severe immunocomplex glomerulonephri-
tis, autoantibodies to nucleic acids, and proteinuria de-
velop.'7073'83 Kidneys are the primary tissue of autoim-
mune attack in murine SLE. Grossly, kidneys are

enlarged and discolored. The immune complex depo-
sition on the glomeruli is more diffuse and of greater
fluorescent intensity in females than in age-matched
males. The immunoglobulin deposition involves both
the mesangium and the capillary basement membrane.
Early renal lesions, evidenced by light microscopy, are

Female-to-
male ratio References

Thyroid diseases
Diffuse lymphocytic thyroiditis

Goitrous, struma lymphomatosa (Hashimoto)
Hypercellular variant adult onset

Juvenile onset
Fibrous variant

Nongoitrous
Severe atrophic (myxedema)
Mild atrophic (asymptomatic)

Primary hyperthyroidism (Graves-Basedow disease)
With benign or no exophthalmos
With progressive ophthalmopathy

Systemic lupus erythematosus
Rheumatoid arthritis
Sj6grens' syndrome
Idiopathic adrenal insufficiency (autoimmune adrenal

disease)
Scleroderma
Myasthenia gravis
Multiple sclerosis
Autoimmune diabetes mellitis (Type lb-Insulin
dependent diabetes mellitus)

25-50:1
4-7:1

4:1

6:1
8:1

43, 45
44, 46, 47
44

44, 45
44

4-8:1
2:1
9:1

2-4:1
9:1

2-3:1

44, 45
44
48-50
51,52
53
45, 54

3-4:1
2:1

1-5:1
5:1

55, 56
57
58
59
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SEX HORMONES AND AUTOIMMUNE DISEASES 533

characterized by endothelial and mesangial hypercel-
lularity, followed by immune complex and hyaline depo-
sition, deformity of the capillary basement membrane,
and absence of epithelial crescents. Females have an ac-

celerated acute glomerulonephritis, which is frequently
associated with proliferation of renal capsular cells and
fibrinoid necrotic changes, compared with age-matched
males. Electron-microscopic examination of kidneys
demonstrated electron-dense deposits in the intracapil-
lary and epithelium of the basement membrane of
glomeruli of young adult females.

Furthermore, B/W mice also develop Sjogren's
syndrome-like disease, as is often seen in human SLE
patients. The intensity of the disease is more severe in
females, compared with males. There are immuno-
pathologic changes in the lining of ducts and of lob-
ules of acini, with periarteriolar and periductal and in-
terstromal and intrastromal lymphocytic infiltrations
in the submandibular, salivary, and lacrimal glands.

Similarly, female Tx-X rats have a three to five times
increased incidence and severity of autoimmune thy-
roiditis, compared with similarly treated age-matched
males6' 68 (Figure IA and B). Histopathologically, the

lesions are characterized by moderate to massive infiltra-
tion of mononuclear cells (mainly lymphocytes) and
plasma cells. There is a partial to total destruction of
thyroid architecture (graded from 0 to 4), including thy-
roid epithelial and follicular cells and colloid. This au-
toimmune pathologic lesion does not extend to the
parathyroid.
The female predominance, although usual, is not seen

in all models. Examples include the following: 1) A fe-
male predominance of autoimmune thyroiditis was ini-
tially observed in obese strain chickens63; however, it
now appears that there is no significant sex difference
in susceptibility to thyroiditis.85 This may be due to
genetic manipulation of the breed over the years for
higher susceptibility. 2) Only certain strains of rats ex-
hibit the sex-related susceptibility to thyroiditis induced
by injection of thyroglobulin in adjuvant.64
At the other extreme, a higher incidence or prema-

ture appearance of autoimmune disease is also known
to occur in males, compared with females. For instance,
unlike other SLE-prone strains, male BXSB mice have
an earlier onset of severe lupuslike disease.86 Experimen-
tal autoimmune thyroiditis induced in rats by the in-

Table 2-Female Preponderance of Autoimmune Diseases in Animals

Relative incidence or
Diseases Species female-to-male ratio References

Thyroiditis
Spontaneous Rats (BUF strain) More frequently in females 62

than males 3:1
Chicken (OS strain) Female predominance 63

Induced
Antigen-adjuvant injections Rats 2:1 64, 65
Chemical compound ingestion Rats 2:1 66
Thymectomy and irradiation Rats 4-6:1 67, 68
Neonatal thymectomy Mice 4:1 69

Systemic lupus and rheumatoid arthritis
Mice (strains)
NZB Earlier appearance of the 70, 71

disease in females
NZB/NZW Fl Earlier appearance of the 72, 73

disease in females
NZB/DBA/2 Fl Earlier appearance of the 74

disease in females
NZB/CBA/N Fl Earlier appearance of the 74

disease in females
MRUlIpr and MRUn Earlier appearance of the 75

disease in females
C57BLU6-lpr Higher incidence of antinuclear 76

antibodies in females
Dogs Higher incidence in females 77

Polyarthritis
Rats
LEW/N 6:1 severity 78
LEW/N x F344/N FL 3:1 severity 78

Hemolytic anemia
Spontaneous Mice (NZB) Higher incidence in females 79
Induced Mice Higher incidence in females 80

Autoimmune thrombocytopenia
Dogs 2:1 81

82
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SEX HORMONES AND AUTOIMMUNE DISEASES 535

gestion of the immunosuppressive compound frenti-
zole occurs much more frequently in males.87 In
humans, eosinophilic fasciitis of probable autoimmune
origin occurs twice as often in males as in females.88

In any event, apart from the above few exceptions,
evidence presented in Tables 1 and 2 strongly demon-
strates a preferential susceptibility of females to autoim-
mune diseases in both humans and animals.

Basis for Sex Differences in Heteroimmune
and Autoimmune Responses

The mechanisms underlying this differential response
are imperfectly understood. In this respect, the chief
possibilities are 1) a direct control exerted by an X or

a Y chromosomal gene(s); and 2) an indirect modula-
tory influence of sex steroids. Attempts to explain this
effect solely on the basis of sex chromosome genes have
been equivocal. IgM, but not IgG, levels have been cor-

related with the number ofX chromosomes. 1289 90 How-
ever, in other studies in humans and mice, such an as-

sociation was not readily apparent.91
Sex chromosomes have also been linked to the ex-

pression of immune-mediated disorders. For exam-

ple, the accelerated susceptibility of lupus in BXSB
males is due to the Y chromosome and not due to differ-
ing sex hormonal levels.86'92 Furthermore, in experi-
mental autoimmune thyroiditis induced in rats by
thyroglobulin-adjuvant injections, the sex-related au-

toimmune response to rat thyroglobulin is found to be
associated with theX chromosome." However, sex hor-
mone manipulations were not performed in these
studies, and hence the effects of hormonal agents can-

not be conclusively determined. In humans, males bear-
ing X-linked lymphoproliferation gene are predisposed
to Epstein-Barr virus infections, and in them a variety
of lymphoproliferative disorders develop, such as malig-
nant lymphomas and malignant mononucleosis.93
On the other hand, sex hormones have been impli-

cated to explain the majority of sex differences in im-
mune responses. For example, orchiectomy has been
found to augment the immune response to a variety of
antigens.5'1394 Furthermore, extensive studies in many
laboratories have shown that sex hormones have a pro-

found influence upon the immune system.7'95-99 This
aspect is addressed in more detail in the subsequent
section.

It is probable that the higher incidence of various

autoimmune disorders in women indirectly reflects the
effects of sex hormones. There is some presumptive evi-
dence to support the proposition that sex hormones may
influence the pathogenesis of clinical autoimmune dis-
eases. For example, abnormal estrogen metabolism
resulting in prolonged estrogenic stimulation has been
reported in patients with SLE10 as well as those with
Klinefelter's syndrome, in whom SLE frequently de-
velops.49 This aberrant sex hormone metabolism is be-
lieved to influence the course of autoimmunity.49 Fur-
thermore, the total serum androgen concentration is
also reduced in SLE patients.101 The fact that Kline-
felter's syndrome patients have poorly developed testes
and male genitalia is again strongly suggestive of sex-
hormonal involvement. Hormonal changes during preg-
nancy or at menarche are believed to modulate several
autoimmune diseases, such as SLE,1021-05 autoimmune
thyroiditis, 1m Graves' disease,1 07 rheumatoid arthritis,108
idiopathic thrombocytopenic purpura, 09 and polymyo-
sitis/dermatomyositis.110 It is noteworthy that male
Graves' disease patients with gynecomastia have an im-
balance between estrogen and androgens.111 However,
it is not known what effects these have on the patho-
genesis of the disease.
The role of sex hormones in autoimmune diseases

has been further strengthened by the clinical observa-
tion that the administration of oral contraceptives al-
tered the course of many autoimmune diseases in
humans. 104"105'112-115 For example, administration of
estrogen-containing oral contraceptives to lupus pa-
tients was associated with exacerbation of the disease.
Withdrawal of the contraceptive pill resulted in the
amelioration and remission of the disease. Interestingly,
in clinically healthy women on oral contraceptives, with
no history of autoimmune diseases, LE cells charac-
teristic of lupus113 or rheumatic symptoms developed.114
Furthermore, one report documented that in apparently
healthy women lupus developed following oral con-

traception.115 Although the precise influence of oral
contraceptives in the development of autoimmunity in
normal individuals is not known, it is likely that in most
individuals, these agents may be "harmless" in terms
of induction of autoimmune diseases. Nonetheless, sus-

ceptible but asymptomatic individuals (with predispos-
ing genetic and viral components) may be pushed over
a protective brink by sex hormones into a stage of clin-
ical disease expression.

Further suggestion of sex-hormonal involvement in

Figure 1A-H&E section of the thyroid of a thymectomized and irradiated intact male rat. Arrow indicates a small focus of mononuclear cell infiltration
(score 1+). (x48) B-H&E section of the thyroid of a thymectomized and irradiated intact female rat. Note the extensive pathologic changes character-
ized by massive infiltration of lymphocytes and destruction of thyroid architecture (score 4+). (x48)
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Table 3-Role of Sex Steroids in SLE-Like Disease in B/W Mice

1. B/W females have an accelerated SLE-like disease and die earlier,
compared with males.

2. Sex hormones influence survival time in B/W mice. At 8 months of age,
there was 100% mortality in estrogen-treated male mice, while in
androgen-treated male mice there was only 10% mortality.

3. Estrogen enhanced the IgM and IgG autoantibodies to DNA, while an-
drogen reduced these autoantibodies.

4. Estrogen also enhanced IgM and IgG autoantibodies to poly-A. In con-
trast, androgen suppressed the levels of these autoantibodies.

5. Estrogen augmented glomerulonephritis, while androgens had an
ameliorative effect.

6. Androgens were beneficial even in animals with established autoim-
mune disease, as measured by survival, autoantibodies, and renal
disease.

Original data obtained from Roubinian et al.73 and Roubinian et al'3

autoimmunity includes the inverse relationship of the
development of the antinuclear and anti-smooth-muscle
autoantibodies with serum testosterone levels in male
patients with alcohol-induced cirrhosis.116

Evidence in the experimental situation has been more
direct. Thus, the differential expression of spontane-
ously occurring lupuslike syndrome in B/W mice has
been shown to be the consequence of the effects of sex
hormones, since alteration of sex hormone levels either
by orchiectomy or sex hormone replacement markedly
influence the pattern of the disease. Prepubertal orchiec-

tomy of B/W mice caused an earlier expression of the
disease and shorter life span, comparable to that of fe-
males. Administration of androgen significantly delays
this process.70'73 117-120 Androgens were of therapeutic
value in both sexes even at a time when SLE was al-
ready well established (6 months of age) (Table 3).121
In contrast to orchiectomy, ovariectomy had little
influence on the disease process. However, administra-
tion of estrogens or progesterone accelerated the dis-
ease process.117 There was exacerbation of glomerular
immunoglobulin deposition in estrogen-, but not
androgen-treated male and female mice. Estrogen-
treated mice showed electron-dense deposits in the
mesangial area of the glomeruli. In contrast, no such
deposits were seen in androgen-treated mice. These
results in B/W mice generated significant interest in the
area of sex hormones and autoimmunity.
The male resistance to the expression of thyroiditis

in Tx-X rats is also due to the presence of the testes,
since orchiectomy greatly increased the incidence and
severity of thyroiditis to the level which occurs in fe-
males.67'68 Replacement of testosterone in orchiec-
tomized or female Tx-X rats suppressed thyroiditis
expression which was dose-dependent122 (Table 4).
Testosterone administration was also found to be of
therapeutic value in Tx-X rats with established thyroid-
itis.123 The thyroiditis-positive animals selected for hor-
monal therapy were confirmed by transplantation of

Table 4-The Effect of Testosterone in Oil on the Development of Thyroiditis in Orchiectomized Tx-X Rats

Group

1) Sham-orchiectomized

2) Prepubertal orchiectomized

3) Prepubertal orchiectomized + oil

4) Prepubertal orchiectomized +
testosterone in oil
a) 150 ng
b) 1 (Xg
c) 150 Ag
d) 500 lAg
e) 5000 lAg

Thyroiditis

Number of Incidence Mean thyroid
animals (%) pathology ± SE

11

26

7

20
8
12
10
9

18

73

71

40
38
33
0
0

0.4 + 0.2

1.7 + 0.2

1.9 + 0.6

0.7 ± 0.2
0.7 ± 0.4
0.6 + 0.4

0
0

Antibodies to thyroglobulin

Incidence Mean antibody
(%) titer (log) ± SE

18

80

85

45
38
41
10
0

1.7 ± 1.1

6.2 + 0.8

7.0 ± 1.7

2.7 + 0.8
3.5 + 1.9
3.5 + 1.4
0.4 + 0.4

0

Numbers in each group are generally the total of several experiments with a minimum of 8 animals per experiment.

Statistical significance (Student t test)

Group
1 vs 2
2 vs 3
2 vs 4a
2 vs 4b
2 vs 4c
2 vs 4d
2 vs 4e

From Ansar Ahmed and Penhale.'22 By permission.

Thyroiditis

P < 0.01
NS

P < 0.05
NS

P < 0.05
P < 0.001
P < 0.001

Autoantibodies

P < 0.01
NS

P < 0.01
NS

P < 0.05
P < 0.001
P < 0.001
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syngeneic normal thyroids under the renal capsule of
Tx-X animals for 4 weeks followed by its surgical
removal for histopathologic processing. Our earlier
studies had shown that the incidence and extent of thy-
roiditis in the grafts precisely correlated with findings
in the animals' own (native) thyroids.124 Testosterone
therapy of autoimmune thyroiditis-positive animals for
2 months caused complete regression of the lesions,
although autoantibodies to thyroglobulin remained un-
altered. Ovariectomy of Tx-X rats further enhanced thy-
roid autoreactivity, compared with rats that underwent
sham operations or untreated control rats.68'125 Estro-
gen, but not progesterone, suppressed thyroiditis (Ta-
ble 5). 125 Although the precise reason for female hyper-
activity is not readily apparent, it is believed that this
may be due to low levels of immunosuppressive male
sex hormones or an imbalance of progesterone and es-
trogen ratios.125 The direct influence of sex chromo-
somes has been discounted in this model.68

Effects of Sex Hormones on Heteroimmune Responses

Surgical ablation of testes has been found to result
in immunopotentiation in many systems. For example,
orchiectomy increased protection against viral and
fungal' 97'30,32 and bacterial infections7 and parasitic126
infestations. Also, orchiectomized animals reject al-
lografts rapidly'7'94 and have accelerated graft-versus-
host reactions.94 Furthermore, gonadectomy augmen-
ted T-lymphoblast transformation in culture127 and
potentiated humoral immune response to several het-
eroantigens.513.94 However, in some experimental situ-
ations, orchiectomy had no effect on the immune
system.7
The administration of testosterone has been shown

to reduce both humoral and cell-mediated immune
responses. 97.128'131 However, in other systems testoster-
one had either no effect or enhanced immune re-

7,96.129sponses.'
Endocrine changes during pregnancy (increased

progesterone to estrogen ratio) may be responsible for
a moderate degree of immunosuppression sufficient to

prevent the rejection of the fetus which is a semial-
logeneic graft. In particular, cell-mediated immune
functions are generally depressed. High concentrations
of naturally occuring placental progesterone are im-
munosuppressive in a number of immunologic in vitro
assays.1321-35 However, it must be borne in mind that
several placental products and other pregnancy-
associated factors are also immunosuppressive. 136-138

Studies on the effects of female sex hormones on the
immune system in which different experimental situa-
tions were employed have yielded conflicting results. The
potentiating effects of ovariectomy on the immune re-
sponse to several antigens have been observed in nor-
mal animals, which suggests that ovarian hormones may
be immunosuppressive. The ovariectomized animals
have better protection against a variety of infec-
tions,30 31,126 as well as induction of tumors.139 Con-
versely, ovariectomy also depressed humoral response
to heteroantigens40 l1l1and did not result in a proficient
defense against certain infectious agents.29'32'34

Estrogen has been shown to suppress both humoral
and cell-mediated immunity as well as enhance immune
responses in several systems.5-7.14.142-147
As with the effects of estrogen on the immune sys-

tem, the precise effects of progesterone are unclear. This
hormone has been shown to suppress as well as enhance
immune responses. 131-134,148 Progesterone prolongs al-
logeneic and xenogeneic grafts in several species,149-'51
suppresses mitogenic responses in vitro, 131.134.151-152
generates suppressor cells,153 and promotes the inci-
dence of tumors.139 However, in other studies progester-
one failed to alter the survival time of skin graft154 or
mitogenic responses. 131 Progesterone and estrogen have
been shown to exert opposite effects in several studies.
For example, progesterone, but not estrogen, levels cor-
related with high antibody titers to Candida albicans,148
and progesterone administration has been found to
afford protection against viral infections, as opposed
to the increased susceptibility following estrogen ad-
ministration. 155 A higher incidence of induced tumors
was observed in ovariectomized animals treated with
estrogen but not with progesterone.156

Table 5-The Effect of Estrogen in Oil on the Development of Thyroiditis in Orchiectomized Tx-X Rats

Number of Incidence Mean thyroid Incidence Mean titer
Groups animals (%) pathology ± SE (%) (log) ± SE

1) Orchiectomized 8 100 2.1 + 0.3 100 7.6 ± SE

2) Orchiectomized + estrogen 8 25 0.6 ± 0.4 38 2.5 + 1.2

Statistical significance Group Thyroiditis Antibodies

Incidence (Fisher's exact)
Severity (Student t test)

From Ansar Ahmed et al.'25 By permission.

1 vs 2
1 vs 2

P < 0.005
P < 0.01

P < 0.05
P < 0.005
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Effects of Sex Hormones in Other
Autoimmune Diseases

The effects of sex hormones in several other autoim-
mune diseases are now known. The inhibitory effects
of sex steroids on autoimmune diseases were initially
demonstrated in experimental autoimmune thyroiditis
induced in guinea pigs and rats by thyroid extract ad-
juvant administration.'17 Both testosterone and estro-
gen at moderately high doses suppressed autoimmune
thyroiditis in guinea pigs. Similar effects of testoster-
one, but not estrogen, were noted in autoimmune thy-
roiditis induced in rats."'

Similarly, the course of experimental autoimmune
thyroiditis induced in mice by exogenous thyroglobu-
lin injections is also modulated by sex hormones. 158 Or-
chiectomy or estrogen treatment of good responder
mice C,H augmented autoantibodies to thyroglobulin.
Testosterone adminstration reversed this effect. How-
ever, no significant modulatory effects of sex hormones
were observed in poor responder Balb/c mice. In any

event, in this model the effect of sex hormones was seen

only on autoantibodies and not on thyroid lesions.
The ameliorative effects of androgens has also been

demonstrated in MRL/lpr mice which develop a very
aggressive lupus and lymphoproliferative disorder. 159"160
Treated mice have reduced autoantibody levels and im-
proved renal function and survival time but without any
significant effects on lymphoproliferation.'59

Testosterone reduced, while estrogen enhanced, the
spontaneous autoantibody production in NZB x
C3H,70 NZB x CBA,70 NZB x SJL/J (B/S), 161 and
NZB x DBA/2 (B/D) mice.74 Furthermore, it has re-

cently been shown that administration of dehydroisan-
drosterone (a proandrogen) to B/W mice delayed the
onset of lupus.162
The resistance of male LEW/N rats to induced poly-

arthritis by the injection of peptidogylcan-polysaccha-
ride fragments is due to the presence of male sex hor-
mones, since orchiectomy or estrogen treatment renders
them susceptible to the disease. Estrogen treatment ren-

dered the resistant strain, F344/N, susceptible to poly-
arthritis. Genetic studies established the lack of
influence of sex chromosomes on the disease process.78

Autoantibodies to acetylcholine receptor in experi-
mental autoimmune myasthenia gravis induced in sus-

ceptible mice by acetylcholine receptor in complete ad-
juvant injections are also altered by orchiectomy or

ovariectomy (P. Christadoss, S. Ansar Ahmed, T. Lind-
strom, S. Munroe, N. Talal, manuscript in preparation)
or by the administration of sex hormones'20 (P.
Christadoss, S. Ansar Ahmed, T. Lindstrom, S. Munroe,
N. Talal, manuscript in preparation). Orchiectomy in-
creased, while ovariectomy or testosterone administra-
tion reduced autoantibodies to acetylcholine receptor.

The development of autoimmune hemolytic anemia
induced in mice by xenogeneic erythrocyte immuniza-
tion is also altered by sex hormone manipulation.80 For
example, testosterone had an inhibitory effect on the
disease.

Thus, it appears that in most cases, physiologic en-
dogenous sex hormones, rather than sex chromosomes,
contribute to the susceptibility or resistance to autoim-
mune diseases.

Exogenous estrogen (oral contraceptives) inhibited
induced experimental allergic encephalomyelitis in rats,
presumably by depressing T-cell-mediated functions,"63
again demonstrating the modulatory influence of sex
hormones.
The experimental findings of suppression of autoim-

mune disease by male sex hormones has now led to clin-
ical therapy trials in humans. For example, danazol, an
attenuated male sex hormone, has been successfully
used in the treatment of female-predominant idiopathic
thrombocytopenia'64 and idiopathic thrombocytopenia
associated with SLE.'61 Similarly, clinical studies in
B/W mice using weak androgenic compounds revealed
that nandrolone (but not danazol) had ameliorative
effects on autoimmunity.84"166

Taken together, the above studies imply that male sex
hormones consistently protect against several types of
autoimmune diseases which presumably differ in their
induction and pathogenic pathways. On the other hand,
the effects of estrogen appear to vary among the models,
although, in general, estrogen promoted many autoim-
mune diseases.

Possible Reasons for Conflicting Results

The contradictory nature of the data on the effects
of sex hormones on the immune system both in nor-
mal and autoimmune situations are the consequences
of many variables.

Dose of Hormones

Since the lymphoid cells of rodents in general, and
of the mouse in particular, are considered to be highly
sensitive to the effects of sex hormones,70 any variations
in the dose of hormones could lead to different results.
Thus, it has been shown by earlier workers that low dose
of estrogen did not prolong the incompatible skin grafts
in rodents,1671,68 but high doses did have this effect.169
More recently, it has been shown in autoimmune re-
sponses in murine lupus that even small variations
within the physiologic range can elicit different results.70
It is for these reasons a wide dose range of hormones
was employed to study their effect on the development
of autoimmune thyroiditis in Tx-X rats. Although there
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was some suggestion that estrogen at low doses may
augment the severity of autoimmune thyroiditis and lev-
els of autoantibodies to thyroglobulin in Tx-X, this was
found not to be of statistical significance.'25 However,
significant suppression of the disease was seen at rela-
tively high doses. 125 An apparent dual effect on the type
of autoimmune response by testosterone was not seen.
The degree of suppression of thyroiditis in Tx-X rats
by testosterone was found to be directly dependent upon
the dose of the hormone. 122 Similarly, in our recent se-
ries of studies, we observed that the administration of
sex hormones to normal mice brought about, in general,
a dose-dependent degree of changes in sex-hormone-
sensitive lymphocytes (Thy-1.2 and Lyt-2) in the
thymus.99

Influence of "Sex Hormonal Genes"

Stern and Davidson"4 observed that the effect of sex
hormone on the immune response to sheep red blood
cells (SRBCs) varied with the strain of mice. Similarly,
certain strains of autoimmune-prone mice respond
poorly to sex hormones. For example, NZB mice, un-
like its hybrids, are naturally resistant to testosterone.70
In order to investigate the reasons underlying marked
strain differences in response to the effects of sex hor-
mones, we initiated a large series of experiments em-
ploying several BlO congenics and other inbred strains
of mice on non-BIO background. Testosterone was given
prepubertally to intact mice for 2-3 months, and im-
mune response to T-dependent antigen purified protein
derivative (PPD) was measured. Our results indicate
that both genes within and outside the major histocom-
patibility complex (MHC), tentatively termed "Ir-Te
genes," modulate the degree of this sex-hormone-
influenced immune response (S. Ansar Ahmed, N. Talal,
P. Christadoss, manuscript submitted). The genetic
influence on the sex-dependent immune responses has
been recently suggested in another study.22 Spleen cells
derived from female normal mice were found to be su-
perior to those obtained from males in antigen presen-
tation and mixed lymphocyte reaction, which are re-
stricted by Ia and H-2 antigens. The underlying reasons
have been attributed to the influence of male sex hor-
mones. It is noteworthy that the effects of sex hormones
may vary with the species (eg, humans and rodents may
be more sensitive to sex hormone action, compared with
other species).

The Age at Administration of Hormones

This may also be crucial in certain situations; eg, or-
chiectomy performed prior to puberty is more effective
than that performed after maturity. The hormone dose

found effective when initiated at early stages of murine
lupus was found to be ineffective given at a later stage.70
Furthermore, sex hormones given shortly after birth
have much more pronounced effects on the immune sys-
tem than when administered to weanling or adult
animals. For example, neonatal estrogen administration
to mice results in a condition resembling Runting syn-
drome, which eventuates in accelerated mortality.142

In our recent studies we observed that prenatal ex-
posure of mice to sex hormones greatly affected the im-
mune capability, as evidenced by permanent changes
in lymphocyte subset numbers, IL-2 production, au-
toantibody production, and NK cell activity (S. Ansar
Ahmed, M.J. Dauphinee, N. Talal, manuscript in prep-
aration).

Route of Administration of Hormones

This may also be a contributory factor to the varia-
bility of the results. It has been shown that hormones
in implants have a better effect than repeated injections,
presumably because of sustained release of hormones
through implants.70 However, direct injection of hor-
mones in oil base (for slow release of hormones) may
be a better form of administration, because the dose
of hormone given can be carefully controlled. A direct
comparison of the relative effects on the immune sys-
tem of sex hormones given orally with that given paren-
tally is now known. It is likely that hormones given
orally may act on gut-associated lymph nodes (mesen-
teric lymph nodes), whereas those given parentally may
act on spleen and draining lymph nodes. Thus the ini-
tial immunologic events following exposure of hor-
mones may differ, which could consequently affect the
type or magnitude of immune response.

Time of Administration and Dose of
Antigen Under Study

Different results have been obtained in relation to the
time of administration of sex hormones and the anti-
gen injection.6142 Furthermore, similar experimental
protocols but variable doses of antigens have altered
the pattern of results.6'149'168 This could be due to vari-
ations in the antigen localization and the stimulation
of the reticuloendothelial system, which plays an im-
portant part in immune response.

State of the Host

The effects of sex hormones are more pronounced
in irradiated animals than in nonirradiated animals. 142
More recently, the inhibitory effect of testosterone on
the immune response to SRBCs in autoimmune mice
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could only be demonstrated when testosterone was
followed by sublethal irradiation. This suggests that
testosterone acts on cells undergoing hemopoietic re-
generation. Alternatively, the effects of sex hormones
may be more marked in animals deprived of, or with
low numbers of, radiosensitive cells. This may be one
explanation for the differences in the type of effect of
estrogen on thyroiditis in Tx-X rats and on lupus in B/W
mice. Furthermore, the type or degree of effects of sex
hormones on the immune system may vary in health
(normal) and disease (autoimmune/lymphoprolifera-
tion) states.

Differential Response to Various Antigens

There is some suggestion of selectivity about the ac-
tion of sex hormones. In this regard, it has been shown
that testosterone administration can have different
effects on various autoantibodies within the same ani-
mal.70 For example, testosterone administration to NZB
mice reduced anti-DNA antibodies but had no effect
on erythrocyte antibodies and increased levels of
thymocytotoxic autoantibodies. Furthermore, we have
noticed that sex hormone (testosterone) administration
to normal mice markedly inhibited responses to T-
dependent antigens PPD and concanavalin A (Con A),
but not T-independent antigens (mitogen response to
lipopolysaccharide) within the same animal (S. Ansar
Ahmed, N. Talal, P. Christadoss, manuscript in prepa-
ration). These observations imply that the effects of sex
hormones on immune responses cannot be generalized
and must be treated individually.

Conversion of Sex Hormones

Male sex-hormones such as testosterone may be con-
verted to estrogen by peripheral aromatization in adi-
pose, muscular, hepatic, placental, and other tissues,
thus complicating interpretation. Thus, the fact that
in some studies testosterone treatment resulted in
enhanced immune responses may be due to the con-
version to estrogen. It may be useful to employ 5-a-
dihydrotestosterone, which is not converted to es-
trogen. 170

Sham Surgery

In several studies sham surgical ablation of gonads
have not been included. This is a necessary control, be-
cause stress can itself modulate the immune response.171
Furthermore, the success of surgical ablation of gonads,
particularly ovaries, at the termination of the experi-
ment has not been reported in many studies. This is es-
pecially important because small ovarian tissue rudi-
ments can regenerate with time.

Castration as a Means of Depleting Sex
Hormonal Levels

Sex hormones are produced at different sites and are
not exclusive to the gonads.172 Gonadectomy reduces
sex hormonal levels but does not totally deplete sex hor-
mones. The function of gonads may be compensated
by extragonadal tissues. Thus, the lack of effect of
gonadectomy in certain situations may be due to
adequate replenishment of sex hormones from extra-
gonadal tissues. This problem emphasizes the need to
determine serum sex-hormonal status following sex-
hormonal manipulation.

Assay Variations

Variations in the effects of sex hormones may also
be due to inherent differences in the assay system, the
time of assay in relation to antigen immunization, and
the type of assay system. Furthermore, even within the
same animal, different immunologic assays may yield
varied results, presumably due to the different degree
or type of effects of sex hormones on the immune
system.

Target Cells

The target cell for sex hormone action may greatly
vary among different systems. Thus, the type of signal
that lymphocytes receive (end target cell) may differ
markedly in various experimental systems, which con-
sequently affects the type of immune responses. This
aspect is discussed in greater detail in the latter part
of this article.

Sex Hormone Receptors

It is currently believed, although we are lacking in
evidence, that sex hormones act on the lymphocytes via
sex hormone receptors (SHRs). It is conceivable that
there may be qualitative or quantitative differences in
these receptors among different strains, which may ac-
count for variation in sex-hormone-influenced immune
responses.

In conclusion, the subtlety and variability of effects
of sex hormones on the immune system are clearly ap-
parent. Thus, because of different experimental designs,
approaches, and conditions employed by several inves-
tigators, it is difficult to arrive at an embracing con-
sensus on mechanism of action. Nevertheless, it is clear
that sex hormones have several different modes of ac-
tivity, involving multiple sites, and may trigger cells with
diverse functions.
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Possible Mechanisms of Sex Hormone Action

Although the effect of sex hormones on the immune
system has long been recognized, several questions re-

garding the precise mechanism of action have remained
unanswered. These include 1) What organ or tissues are

sensitive to sex hormones? 2) What type of cell(s) are

affected by sex hormones? 3) Do sex hormones bring
about cellular or subcellular changes in lymphocytes
or in other cells which in turn influence the immune
system?

Target Organs of Sex Hormone Action

Lymphatic Organs

Much of the earlier studies suggested that the thy-
mus is the primary organ through which sex hormones
bring about their action. First, the relationship between
the thymus and gonads has been well documented.173'178
For example, administration of gonadal hormones to
animals has resulted in atrophy of the thymus.991 75'176
Orchiectomy, particularly when performed in imma-
ture animals, has brought about a delay in thymic in-
volution and thymic hyperplasia.941 75'176 The hyperpla-
sia of the thymus following orchiectomy is believed to
be due to quantitative but not qualitative changes in
thymocyte populations. There is an increase in
cortisone-sensitive cells. 13 Interestingly, prepubertal or-

chiectomy of normal mice (Balb/c x SJL/J) resulted
in an equal expansion of all thymocyte subsets.179 In
contrast, orchiectomy in autoimmune mice (NZB x
SJL/5) led to selective expansion of dull Thy-1.2, Lyt-
1, and dull PNA+ cells, which thus suggested differen-
tial effects of sex hormones in health and disease.
Thymic hormones, which greatly influence immune re-

sponses, are in turn affected by sex hormones. Estro-
gen reduces, and testosterone enhances, the levels of
these hormones, but no significant effect of progester-
one has been noted.177 Conversely, the thymus also
influences gonadal function. For example, neonatal
thymectomy of mice has resulted in ovarian dysgene-
sis.180'181 Furthermore, thymic hormones decrease sex

hormones like progesterone by regulating the release
of luteinizing hormone (LH) from the pituitary, 182-184
thus demonstrating the interrelationship of the thymus
and gonads. Simultaneous gonadectomy and orchiec-
tomy have abolished the immunopotentiation observed
after orchiectomy alone.6'94 Similarly, it was found that
in B/W mice the thymus had to be present for demon-
stration of some of the effects of gonadectomy. 185 Based
on the above findings, it was postulated that the thy-
mus was the primary organ through which sex hor-
mones brought about their action.6'94 This view was fur-
ther strengthened by the demonstration of SHRs in the'

thymus glands of both human and animals.186187 These
receptors appear to be present in the thymic epithe-
lial/reticular tissues but are more difficult to demon-
strate on thymocytes. However, this may be due to very
low capacity of these receptors and the use of whole
lymphocyte populations, rather than particular subsets
of lymphocytes which are sensitive to sex-hormonal
action.99

However, other studies have shown that sex hormone
effects can also be demonstrated in the absence of the
thymus. Examples include the following: 1) sex hor-
mone manipulation of thymectomized (and irradiated)
rats profoundly altered autoimmune thyroiditis68'22"25;
2) administration of diethylstilbestrol to neonatally
thymectomized mice reduced the numbers of T (Ly-1)
cells in the spleen and the delayed type hypersensitivity
reaction. 188

Interestingly, SHRs have been found in the reticular
tissues of lymph nodes and spleen suggesting that these
are also the sites of sex hormone action.189'190 In cor-
roboration with this view, we noted profound effects
of sex hormones on peripheral lymphoid organs of nor-
mal and SLE-prone autoimmune mice, providing
presumptive evidence for sex hormone action on several
lymphoid organs.99 Furthermore, orchiectomy is also
known to result in hyperplasia of the spleen and lymph
nodes. 1394,176

In birds, the bursa is the primary target for sex hor-
mone action. SHRs have also been demonstrated in this
organ. Incubation of fertilized avian eggs in testoster-
one solution prevents the development of the bursa
(agenesis) and atrophy of the cortical thymus. These
birds have depressed responses to a variety of antigens
at various times after maturity.

Thus, it appears that in addition to the thymus, other
lymphoid organs may be important target sites for sex
hormones (Figure 2).
The mechanisms of sex hormones at the cellular and

subcellular (lymphocyte) level are much less clearly
understood.

T Cells
Much of the recent evidence indicates that T cells

are the primary target for sex hormone action (Figure
3). Examples include the profound effects of sex-
hormonal manipulations on the thymocytes.94'99'179'191
Further, sex hormones markedly modulate T-cell-medi-
ated delayed-type hypersensitivity reactions.17'94'129 En-
docrine changes such as those in pregnancy have been
associated with decreased T-cell numbers (OKT3+ and
OKT4+) or T-cell function.192'193 Sex steroids suppressed
the lymphocyte proliferation in cultures stimulated by
T-cell mitogen or antigen (Con A and phytohemagglu-
tin [PHAJ) PPD.131134,135
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Immune Response
Figure 2-Immune responses are influenced by multiple systems. This
illustration shows the influence of several systems on the immune system.
There is a bidirectional influence between the immune and CNS and im-
mune and endocrine system (particularly gonadal) and endocrine (gonad-
al) and CNS. Sex hormones act on the CNS, macrophage/monocyte
system, or the immune system itself, to affect immune responses.

The effect of testosterone on T but not B cells has
also been indicated in Tx-X rats with autoimmune thy-
roiditis, which is believed to be a T-cell-mediated dis-
ease. Testosterone treatment of Tx-X rats that were

histopathologically and serologically positive brought
about complete regression of the lesions but did not
alter the levels of autoantibodies to thyroglobulin.123

Moreover, we have shown that short-term (2-week)
administration of sex steroids to normal mice quantita-
tively altered Thy-1.2-positive cells in the thymus.99
Long-term (4-month), but not short-term, treatment
brought about an appreciable decrease in the numbers
of Thyl-1.2-positive cells in peripheral lymphoid
organs'20 (M.J. Dauphinee, S. Ansar Ahmed, N. Talal,
manuscript in preparation). Similarly, bone marrow T
cells bearing 20-a-hydroxysteroid dehydrogenase en-

zyme of B/W mice are sensitive to sex hormone manipu-
lations. 119

T cells stained with Lyt-2 monoclonal antibody were

most sensitive to sex hormone action, particularly in
the thymus.99 120 9' In general, estrogen reduced, while
androgens maintained, Lyt-2-positive cells.99'19' There
was a shift to the lower density in Lyt-2 antigens in
androgen-treated mice, while the bright staining peak
was either reduced or unaltered.99 (M.J. Dauphinee, S.
Ansar Ahmed, N. Talal, manuscript in preparation).
Furthermore, studies in humans revealed that estrogen
receptors are present on OKT-8-positive cells which have
suppressor/cytotoxic function'94 and thymomas.195 Es-

trogens suppress or deplete the functional activity of
suppressor T cells, demonstrated by in vitro systems,
both in humans 96 and in mice.99 In contrast, male sex
hormones maintain these activities. The inhibition of
3H-thymidine uptake in PHA-stimulated cultures by
syngeneic (suppressor) cells from sex-hormone-treated
mice revealed a lack of definite correlation between Lyt-
2-positive cells and the suppressor cellular activity. This
suggests that sex hormones may also affect suppressor
lymphocytes of as yet unknown phenotype. In any
event, the modulation of suppressor cellular activity
may explain, in part, the sex-differential immune re-
sponses.

Yet another mechanism of sex hormonal action is the
modulation of T lymphokines (immunoregulatory hor-
mones), interleukin-2 (IL-2), and y-interferon (y-IF).
IL-2 is secreted by Lyt-1+2- T helper/inducer cell and
acts on several important immunoregulatory cells which
bear IL-2 receptors. All SLE-prone autoimmune mice
have depleted IL-2 activity.'19 We observed that sex hor-
mones modulate IL-2 activity; for example, androgens
maintain this activity.99'198 It is not known precisely how
sex hormones affect IL-2 production. Nonetheless, ma-
nipulation of IL-2 levels by sex hormones can pro-
foundly alter immunocapability.

Gamma-interferon, which is produced by lympho-
cytes (presumably T cells) after interaction with mac-
rophages, also affects both cellular and humoral im-
munity. Sex hormones may modulate this lymphokine
and thus affect the outcome ofimmune responses. How-
ever, as yet there is no evidence in this regard.

B Cells (Plasma Cells)
Sex hormones in many systems considerably alter an-

tibody production or its levels (reviewed by Cohn7). This
suggests that B cells are also targets for sex hormone
action. In the context of autoimmunity, delayed
testosterone treatment of B/W mice with established
disease reduced autoantibodies to nucleic acids and
prolonged survival times.120'121 However, the reduction
of these autoantibodies was not always a constant fea-
ture. It is possible that testosterone interfered with T
helper cells or other T-cell signals necessary for autoan-
tibody production rather than acting on B cells directly.
A similar inference may be drawn in testosterone ther-
apy studies in Tx-X rats with established thyroid au-
toimmunity in which testosterone failed to diminish the
levels of these autoantibodies despite the regression of
lesions.
We have recently noticed that there was no significant

difference in lipopolysaccharide-induced proliferation
of lymphocytes which were obtained from several nor-
mal strains of mice with differing sex hormonal envi-
ronment. This again suggests that B cells may not be
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Figure 3-Sex steroid influence on lymphocytes.
This illustration shows the major target cells of sex-
hormone action (arrows). Sex hormones act on
stem cells, thus affecting differentiation, maturation,
and emigration of cells. Sex hormones also act on
pre-T and pre-B cells, as well as mature T cells. In
particular, Thy-1.2, Lyt-2, and Lyt-1 cells (and NK
cells) are sensitive to sex hormones. These cells
may be quantitatively or qualitatively (antigen den-
sity or function of cell) altered, which consequent-
ly influences immune responses. The major non-
lymphoid target cells for sex-hormone action
include neurons and neuroendocrine cells, fixed
and free macrophages and monocytes, and thym-
ic (and bursal) epithelial cells. Thus, the type of im-
mune response is dependent upon the target cell
for sex hormones and possibly the extent of sex-
hormonal action. Interrupted arrows indicate that
the action of sex hormone on these cells is not
definitively established.

Syst

the targets for sex hormone action. Furthermore, sex
hormones given to mice did not greatly alter the num-
bers of F(ab)2-positive cells (B cells). However, in
sex-hormone-treated lpr mice, there were increased
numbers of B cells in the thymus.99 This may be a com-
pensatory increase following depletion of T cells.
Moreover, studies on pokeweed-induced immunoglobu-
lin synthesis by human peripheral blood lymphocytes
containing estradiol revealed that estrogen does not act
directly on B cells. Furthermore, SHRs on B cells have
not yet been demonstrated.

Nonetheless, sex hormones may affect certain other
B-dependent antigens. Furthermore, it is likely that sex
hormones may selectively influence certain subpopu-
lation(s) of B cells such as the Ly-l +B positive cell. This
cell is known to produce a variety of autoantibodies,
including to bromelin-treated mouse red blood cells (Br-
MRBCs). We are currently examining the precise effects
of sex hormones on B cells in normal and autoimmune
mice.

In light of available evidence, overall it appears that
sex hormones may indirectly (or directly) affect the ini-
tial stages of antibody production by B cells, but do
not affect plasma cells (Figure 3).

Natural Killer (NK) Cells
The importance of NK cells is of current immuno-

biologic interest. 199.200 These cells play an important part
in spontaneous cytotoxicity for a variety of viral-

Immune System

tem Epithelial Tissues

infected or malignant cells. However, the role of NK
cells in autoimmune diseases is as yet uncertain.
Nevertheless, studies in this laboratory have shown that
SLE-prone female mice bearing the lpr gene have
depleted splenic NK cell activity (Z. Li-Phan, M. J.
Dauphinee, S. Ansar Ahmed, N. Talal, manuscript in
preparation). Sex hormones, particularly estrogen (nat-
ural and synthetic), markedly reduce NK cell activity
in B/W and normal mice (Figure 3).201-203 The precise
mechanism of depletion of this cellular activity by es-
trogen is not readily apparent. One such mechanism
may be reduced influx of these cells from bone marrow
which becomes obliterated due to osteoproliferation.
Alternatively, this may be an indirect consequence of
alteration of IL-2 and y-IF levels, which are known to
influence the NK cellular activity. Yet another possibil-
ity is the generation of suppressor cells for NK-cell ac-
tivity. These aspects are currently under investigation
in our laboratory.

Thymic Epithelium/Bursal Epithelium
Nonlymphoid cells are also targets for sex hormone

action (Figure 3). Sex hormone receptors have been
found on thymic epithelium and reticular tissues and
profoundly influence lymphocyte morphology and
function. One way by which sex hormones may act is
by influencing the thymic microenvironment and thymic
hormones and thereby greatly affecting T-cell differen-
tiation, maturation, and migration. Furthermore, sex
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hormonal action on these cells may also influence Ia-
antigen expression, which is important in many aspects
of lymphocyte biology. Thymic hormonal changes in-
duced by sex hormones may act on the hypothalamus
to release gonadotropic hormones which exert profound
immunoregulatory effects.

Sex hormones may also indirectly influence B-cell
maturation and differentiation. For example, studies on
transplantation of bursa into testosterone-treated birds
revealed that the hormones affects the epithelial cells
but not the lymphoid components of the bursa,204-205
thereby indirectly influencing B-cell function.

Macrophage Monocyte System
Sex hormones also act on macrophages/monocytes,

which are important for autoantigen processing and pre-
sentation in immunogenic form to lymphocytes (Fig-
ures 2 and 3). For example, estrogen greatly increased
the ability of these cells to phagocytose particulate anti-
gen.206 Estrogens stimulate the reticuloendothelial sys-
tem, division of Kupffer cells in the liver,207 208 the num-
bers of circulating monocytes,207'209 and peritoneal mac-
rophages.209'210 Sex hormones modulate the clearance of
mouse erythrocyte-IgG complexes in B/W mice.
Estrogen-treated mice had delayed clearance, while
testosterone augmented the clearance of these immune
complexes. The discrepancy over the effects of estro-
gens on reticuloendothelial cells may be due to obvi-
ous differences in the experimental situation; for exam-
ple, estrogen may have different effects in normal and
autoimmune mice or with different doses and routes
of administration. Nevertheless, these results do indi-
cate the influence of sex hormones on this system. In-
deed, SHRs have also been found on the reticular tis-
sues of thymus, lymph nodes, spleen, and arterial
epithelium. 189

Central Nervous System (CNS)
Sex hormones can also influence the immune system

via acting on the CNS (Figure 2). SHRs have been found
at several sites in the brain. These aspects have been
discussed in greater detail elsewhere.211212 It has now
become apparent that certain areas of the CNS actively
collaborate with the immune system in affecting im-
mune responses.211'212 Of particular interest are the neu-
rons of the ventromedial nucleus (VMN) of the
hypothalamus, which modify immune responses. In-
terestingly, the VMN of hypothalamus is enriched in
SHRs. Thus, it seems plausible that sex hormones may
bind to neurons of theVMN (and preoptic nucleus) and
generate activities which influence the immune system.

Osteal Tissues

Sex hormones may also affect the immune system by
causing changes in tissues which are in close apposi-
tion to lymphoid tissues. For example, estrogen causes
endosteal proliferation, resulting in the occlusion of
bone marrow. Recent studies have demonstrated SHRs
in endosteal tissues (P. Sheridan, personal communi-
cation). High doses result in complete replacement of
bone marrow and thus interfere with the emigration of
cells to the thymus and other peripheral lymphoid or-
gans. For example, NK-cell activity in the spleen, which
is believed to depend on the bone marrow, is markedly
reduced after estrogen administration.

Other Endocrine Organs
Sex hormones may act on other endocrine or neu-

roendocrine organs to bring about their effects (Figure
2). For example, sex hormones may influence the pitu-
itary hormonal production, which in turn stimulates
several endocrine glands to release their products, which
modulate immune responses. However, some exper-
imental situations employing combined adrenalectomy
and ovariectomy have shown that the immunosuppres-
sion mediated by estrogen is not mediated through adre-
nal or ovarian function.213 Recently, SHRs have been
found in thyroids of primates (P. Sheridan, personal
communication). Thus, sex hormones may bind to these
cells to influence the release of thyroxine, which in turn
influences immune responses.

Other Nonlymphoid Tissues

Enzymatically Active Cells

Similarly, estrogens have been shown to decrease the
activity of the enzyme NAD+-dependent 15-hydroxy-
prostaglandin dehydrogenase (PGDH)214 in kidney tis-
sue, whereas androgens increase it.215 The PGDH-
specific activity in the kidney tissue of male and female
B/W F1 mice was tested and found to be higher in
males.215 The specific activity of PGDH was found to
be inversely related to the severity of the autoimmune
disease. It remains to be determined whether the alter-
ation of this enzyme activity is a direct effect of sex hor-
mones or an epiphenomenon. Furthermore, the specific
role of this enzyme in the pathogenesis of the disease
is not known. An enzyme, 20-a-hydroxysteroid de-
hydrogenase (20-aSDH), on T cells is also affected by
testosterone. Castration decreased 20-a-SDH positive
cells, whereas testosterone administration resulted in
its increase.119
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Complement-Producing Cells

Sex hormones may act on complement-producing
cells and influence the synthesis of complement com-
ponents, particularly C4 and C5. Coincidentally, genes
controlling various facets of testosterone physiology
(such as rate of production and its binding capacity)
and those determining complement production reside
within or close to the H-2 complex. Thus, both sex hor-
mones and complement may closely interact. Altera-
tions of complement levels by sex hormones can
markedly affect complement-dependent immune re-
sponses. It is of particular interest that danazol, weakly
androgenic, increases the concentration of Cl esterase
inhibitor in humans and is useful in the treatment of
hereditary angioneurotic edema. It is not clearly known
whether the beneficial effects of danazol in idiopathic
thrombocytopenia with or without lupus, is due to a
similar biochemical effects.

Cells Producing Secretory Components
Mucosal epithelial cells, lacrimal glandular cells and

hepatocytes which produce secretory components are
important in local (secretory) IgA-dependent immu-
nity.216 These cells may also be the direct or indirect tar-
gets for sex hormone action.2"7',"8 For example, orchiec-
tomy decreases free secretory components in tears of
rats, while androgen administration reverses this
effect.218 Interestingly, secretory component production
is androgen-dependent and is not influenced by female
sex hormones.

Overall, the diverse target sites of sex hormone ac-
tion through which immune responses are influenced
is now apparent.

Sex Hormones and Immune Imbalance

The concept of a balance between humoral and cel-
lular immunity that maintains the normal state was sug-
gested a long time ago.2 An equilibrium between regula-
tory cells may be important for the maintenance of
immune homeostasis and prevention of immunologic
abnormalities such as autoimmune diseases. Thus, an
imbalance between lymphocyte subpopulations, rather
than an absolute deficiency of certain types of cells, may
lead to disease. Sex hormones may critically alter this
balance and the tendency to autoimmunity. Two lines
of evidence support this proposition: 1) First, lymphoid
cells obtained from rats of different sex hormonal sta-
tus were transferred to Tk-X female recipient, and the
effect on the development of thyroid autoimmunity in

the recipients was used as an in vivo index (Ansar
Ahmed and Penhale, manuscript in preparation). Such
studies revealed that sex hormones bring about func-
tional alterations between the helper (effector) and sup-
pressor cells. 2) Direct evidence for the alteration of sup-
pressor (Lyt-2)/helper (Ly-l) subsets in normal or
autoimmune mice by sex hormones has now been
reported.99'191

Concept of Qualitative Alterations of Lymphocytes
by Sex Hormones

Sex hormones may influence the qualitative functions
of lymphocytes. It has been shown that steroid hor-
mones like glucocorticosteroids act directly on the DNA
of the cell and modify the transcription of specific
genes.219 Similarly, sex steroids may directly act on the
DNA of the lymphocytes and modulate its function (eg,
modulate mRNA synthesis) or bring about alterations
in the expression of surface antigens, thereby interfer-
ing with cellular interactions. Autoradiography studies
have revealed that 3H-testosterone is incorporated into
the nucleus of human lymphocytes.220 Sex hormones
may alter the microenvironment to induce migratory
or trafficking changes in lymphocytes. These aspects will
be fully clarified with further technical advances in the
future.

Postulated Mechanisms of Sex Hormone Action
in B/W Mice and Tk-X Rats

As discussed earlier, the mechanisms of sex hormone
action in B/W mice and Tx-X rats are extremely com-
plex. Thymus appears to be the major site of action
in B/W mice. Sex hormones act on the thymus and
bring about quantitative and qualitative changes in
thymocyte subpopulations. These may be a conse-
quence of a direct action on thymocytes or the result
of affecting the thymic microenvironment by altering
the release of thymic hormones. Additionally, thymic
hormones affect the release of pituitary hormones,
which have a profound effect on the immune systems.
Not all cells appear to be sensitive to sex hormone ac-
tion. Immunoregulatory cells bearing Thy-1.2, Lyt-2,
or antigenic markers (Ly-1) appear to be more sensitive
to sex hormonal action. Furthermore, sex hormones
may act on the Ia-positive thymic epithelium which has
important role in directing lymphocyte specificity and
interactions with other lymphocytes. Thus, sex hor-
mones can act on the thymus and affect their function
and maturation, and emigration of cells to the periphery.
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Hormones, like estrogen, may additionally affect the
influx of cells from the bone marrow to the thymus.

In the Tx-x model, bone marrow may be an impor-
tant site for sex hormone action, because these animals
are deprived of their thymus. Other lymphoid organs
and nonlymphoid organs are also a site for sex hormone
action and may act in concert to affect autoimmune dis-
eases. Akin to the murine model, transfer studies have
revealed that sex hormones alter the balance of helper
to suppressor cells.

Conclusions

Studies on the relationship of sex hormones with the
immune system are important for three reasons: 1) Sex
hormones influence the normal differentiation, matu-
ration, and emigration of lymphocytes, which is vitally
important in terms of immune capabilities. 2) Natu-
rally occurring sex hormones modulate the course of
events of autoimmune diseases. Thus, sex hormones
may be used as an endogenous tool in the study of
pathologic events of autoimmune diseases. A correct
endocrine balance may be crucial for immune ho-
meostasis, ie, prevention or induction of autoimmune
diseases. 3) Immunosuppressive male sex hormones
may be advantageously exploited clinically in the treat-
ment of immunologic hyperreactivity disorders. In par-
ticular, a combination of danazol and anti-estrogen
drugs may prove to be of therapeutic benefit.
The effects of sex hormones on immunity should be

seen in a broader context that we have termed im-
munoendocrinology, which encompasses the bidirec-
tional interactions between three major systems: the
classic endocrine system, the neuroendocrine system,
and the immune system. The influence of sex factors
(sex hormones) on autoimmune diseases is undisputed.
Studies from several laboratories indicate that sex hor-
mones act on multiple systems (Figure 2) and multiple
cells (Figure 3). Thus, the type of sex-hormone-in-
fluenced immune response, immunosuppression or im-
munoenhancement, is dependent upon where sex hor-
mones act. In any event, the ultimate responder cell is
a lymphocyte. Sex hormones may alter the function of
lymphocytes, thereby affecting production of immuno-
regulatory factors, expression of cell surface antigens,
or ability to interact with other cells. Available evidence
indicates that T cells may be major targets for sex-
hormone action. Sex hormones may quantitatively or
qualitatively influence the levels of immunoregulatory
cells, such as suppressor and helper cells. Due to the
complexity or diversity of suppressor T cells in several
systems, the precise effects of sex hormones on suppres-
sor cells cannot be conclusively determined. It is hoped,

with further understanding in the fields of immunoen-
docrinology and molecular biology and advancements
in technology, the effects of sex hormones on lympho-
cytes will become fully clarified.
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